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Measurement of the tt Production Cross Section in pp Collisions at /s = 1.96 TeV
Using 0-tagged Lepton+Jets Events

The D@ Collaboration
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We present a measurement of the tt production cross section at /s = 1.96 TeV, based on the
application of a lifetime-based b-jet identification technique to events selected in the lepton+jets
channel. The data sample corresponds to an integrated luminosity of 365 pb~?, representing a sub-
stantial increase to the data set compared to the previous version of this analysis. The preliminary
result yields

o= 8.1F 13 (stat + syst) + 0.5 (lumi) pb,

in good agreement with the Standard Model prediction.
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I. INTRODUCTION

In Run I the Fermilab Tevatron delivered about 100 pb~—! of data per experiment, which brought the discovery of
the top quark [1]. With the increased statistics and collision energy of Run II, the experimental attention turned to
precision measurement of top quark properties, in particular its production and decay characteristics. Theoretical
calculations performed within the Standard Model predict the production cross section with an uncertainty of less
than 15% [2]. Deviations from this rate would signal the presence of new physics, e.g. resonance production of tt pairs
[3]. In the framework of the Standard Model, the top quark decays to a W boson and b quark nearly 100% of the time.
Top quark pair production channels are classified according to W boson decay modes. In the presented analysis, we
look at the lepton-+jets final state which results from the leptonic decay of one of the W bosons and the hadronic decay
of the other. The event signature is one lepton with high transverse momentum, large transverse energy imbalance
(Er) due to the undetected neutrino, and four jets, two of which result from hadronization of the b quarks. The CDF
and D@ collaborations previously reported the results of tt cross section measurement at /s = 1.8 TeV using Run
I data sets [4]. Recent measurements at /s = 1.96 TeV by the CDF [5] and DO [6, 7] collaborations agree with the
SM prediction within their experimental uncertainties.

This note reports a new measurement of the tt cross section measurement in the lepton-+jets channel performed
using data from Run II of the Tevatron recorded by the upgraded D@ detector. The data sample corresponds to
an integrated luminosity of 366 & 24 pb~! in the e+jets and 363 4 24 pb~! in the p+jets channels. The precise
tracking and vertexing of the D@ detector allow to exploit the long lifetime of b-hadrons in order to identify b-jets
using displaced tracks algorithms, which significantly improve the signal to background ratio.

II. DY DETECTOR

The Run II D@ detector is comprised of the following main components: the central tracking system, the liquid-
argon/uranium calorimeter, and the muon spectrometer.

The central tracking system includes a silicon microstrip tracker (SMT) and a central fiber tracker (CFT), both
located in a 2 T superconducting solenoid magnet. The SMT is designed to provide eflicient tracking and vertexing
capability at pseudorapidities of || < 3. The system has a six-barrel longitudinal structure, each with a set of four
layers arranged axially around the beampipe, and interspersed with 16 radial disks. A typical pitch of 50-80 um of
the SMT strips allows a precision determination of the three-dimensional track impact parameter with respect to
the primary vertex which is the key component of the lifetime based b-jet tagging algorithms. The CFT has eight
coaxial barrels, each supporting two doublets of overlapping scintillating fibers of 0.835 mm diameter, one doublet
being parallel to the collision axis, and the other alternating by +3° relative to the axis [8].

The calorimeter is divided into a central section (CC) providing coverage out to |n| =~ 1, and two end calorimeters
(EC) extending coverage to |n| ~ 4 all housed in separate cryostats. Scintillators placed between the CC and EC
provide sampling of showers at 1.1 < |n| < 1.4 [9].

The muon system, covering pseudorapidities of |n| < 2, resides beyond the calorimetry, and consists of three layers
of tracking detectors and scintillating trigger counters. Moving radially outwards, the first layer is placed before the
1.8 T toroid magnets, and the two following layers are located after the magnets [10].

III. EVENT PRESELECTION

The events under study are characterized by one high pr lepton, missing transverse energy from an undetected
neutrino, two jets from hadronization of the b-quarks and two jets from W boson decay. Additional jets are often
produced by initial or final state gluon radiation. We select data samples in the electron and muon channels by
requiring an isolated electron with pr > 20 GeV and || < 1.1, or an isolated muon with py > 20 GeV and |n| < 2.0.
More details on the lepton identification as well as trigger requirements are reported in [6], [7]. In both channels,
we require Ep to exceed 20 GeV and not be collinear with the lepton direction in the transverse plane. These W
boson candidate events must be accompanied by one or more jets with pr > 15 GeV and rapidity |y| < 2.5 [11]. Jets
are defined using a cone algorithm with radius AR = 0.5 [12]. In order to ensure statistical independence from the
tt cross section measurement in the dilepton channel, events with a second high pr lepton candidate are discarded.
Signal events are mostly concentrated in the third and fourth jet multiplicity bins, while the first and the second bins,
dominated by W boson production in association with jets, are used for a cross check of background normalization.
There is still some small contamination from QCD multijet events. The fraction of such events in each jet multiplicity
bin is estimated using the so-called Matrix Method [13], which relies on the fact that non-W events have smaller
probability to pass tight lepton quality requirements. Table I summarizes the number of events observed in data and



TABLE I: Number of events observed after preselection in [+jets sample. Number of W-like and QCD events is estimated
using Matrix Method

1 jet 2 jets 3 jets > 4 jets
NP 22769 8450 2011 508
NP2 ets 21856.74200.7 7810.24119.0 1782.5451.4 435.9424.5
NEES et 912.3+127.2 639.8+72.2 228.5+22.4 72.147.3

estimated number of QCD multijet and W-like events. At this stage tt events are considered as a part of the W-like
event subset.

IV. TAGGING ALGORITHM

Events from tt production contain two b-jets, while jets produced in association with W bosons predominantly
originate from light quarks or gluons. Therefore, the signal to background ratio is significantly enhanced after the
requirement that at least one of the jets is b-tagged.

We use a secondary vertex tagging (SVT) algorithm to identify b-quark jets. Secondary vertices are reconstructed
from two or more tracks satisfying the following requirements: ppr > 1 GeV, > 1 hit in the SMT layers and impact
parameter significance d.q/04,, > 3.5 [14]. Tracks identified as arising from K§ or A decays or from v conversions are
not considered. If the secondary vertex reconstructed within a jet has a decay length significance L,,/or,, > 7 [15],
the jet is tagged as a b-quark jet. Events with exactly 1 (> 2) tagged jets are referred to as single-tag (double-tag)
events. We treat single-tag and double-tag events separately because of their different signal-to-background ratios.

Secondary vertices with L., /or,, < —7 appear due to finite resolution of their characteristics after reconstruction,
and define the “negative tagging rate”. The negative tagging rate is used to estimate the probability for misidentifying
a light flavor (u, d, s quark or gluon) jet as a b-quark jet (the “mis-tagging rate”).

We measure the b-tagging efficiency in a data sample of dijet events with enhanced heavy flavor content by requiring
a jet with an associated muon at high transverse momentum relative to the jet axis. By comparing the SVT and
muon-tagged jet samples, the tagging efficiency for semileptonic b-quark decays (“semileptonic b-tagging efficiency”)
can be inferred. We make use of a Monte Carlo simulation to further correct the measured efficiency to the tagging
efficiency for inclusive b-quark decays. We estimate the c-tagging efficiency from the same simulation, corrected by
a scale factor defined as the ratio of the semileptonic b-tagging efficiency measured in data to that measured in the
simulation. We estimate the mis-tagging rate from the negative tagging rate measured in dijet events, corrected for
the contribution of heavy-flavor jets and the presence of long-lived particles in light-flavor jets. Both corrections are
derived from Monte Carlo.

Tagging efficiencies are parameterized as functions of jet pr and rapidity. These parameterizations are then used
to predict the probability for a jet of a certain flavor to be tagged.

V. BACKGROUND COMPOSITION

We rely on Monte Carlo to predict the flavor composition of the jets produced in association with a W boson. The
W+jets events with different jet multiplicity and flavor are generated using ALPGEN V1.3 [16] with CTEQ5L parton
distribution functions [17] interfaced with PYTHIA 6.2 [18] to simulate fragmentation and underlying event and to
decay all unstable particles except B hadrons and 7 leptons, which are modeled via EVTGEN [19] and TAUOLA [20],
respectively. Events are then processed through the full D@ simulation and reconstruction. In most cases, the jets
accompanying the W boson originate from light (u, d, s) quarks and gluons (W+light jets). Depending on the jet
multiplicity, between 2% and 14% of W +jets events contain heavy flavor jets resulting from gluon splitting into bb or
cé (Wbb or Wce, respectively), while in about 5% of events, a single ¢ quark is present in the final state as a result
of the W boson radiated from an s quark from the proton’s or antiproton’s sea (We). The number of tagged events
is derived based on the number of W-like events observed in the data before tagging, multiplied by the fraction of a
certain flavor component and the probability to tag such a combination of jets derived from Monte Carlo calibrated
to reproduce data as described above.

The number of tagged QCD multijet background events in each jet multiplicity is estimated by applying the Matrix
Method to the tagged preselected sample. Smaller contributions from single top, Z+jets, Z — 77 with one of the 7’s



W+1jet WH-2jets ~ WH3jets WH>4jets
W +light 57.141.1 32.0%+1.1 10.2+£0.5 2.4640.20
We 84.440.9 38.51+0.8 7.840.3 1.34+£0.11
Wee 21.5+0.2 28.84+0.6 9.73+0.3 3.32+0.28
Wbb 59.14+0.6 71.3£1.2 20.94+0.7 6.67£0.54
W +jets 222.0£1.6 170.6+1.7  48.6+0.8 13.8£0.5
QCD 18.54+2.6 22.842.9 10.2+1.9 54415
single top 4.66£0.08 13.2+0.1  5.19£0.09 1.34+0.04
tt — 1l 3.114+0.05 12.1+0.1 5.9+0.1 1.26£0.03
diboson 3.67£0.17 8.294+0.27 1.044+0.09 0.0840.02
Z -1t~ 1.79+0.25 0.86£0.16 0.1840.08 < 0.01
background 253.8+3.1 227.8+43.4  T1.1+£2.1 21.8£1.6
syst. +35.96-40.73 +30.15-32.06 +8.37-8.79 +2.45-2.52
tt — I+jets 1.05£0.05 13.3£0.2 41.940.3 51.3£0.3
total predicted.| 254.84+3.1 241.0£3.4 113.0+2.1 73.2£1.6
syst. +35.96-40.75 +30.36-32.15 +8.77-9.15 +5.73-6.79
observed 251 215 121 88

TABLE II: Summary of observed and predicted number of {+jets events with 1 tag. Errors are statistical only.

W +2jets W+3jets  WH>4jets
W +light 0.0431+0.004 0.02840.003 0.010+£0.001
We 0.081£0.003 0.03140.002 < 0.01
Wee 0.77£0.03  0.30£0.02  0.12+0.01
Wbb 10.1+£0.3  3.25+0.14  1.0440.09
W +jets 10.940.2  3.60+0.14 1.184+0.08
QCD < 0.01 0.32+0.36 < 0.01
single top 1.82+0.03  1.00+0.02  0.3140.01
tt — 1l 3.27£0.03  1.75£0.02  0.38%+0.01
diboson 0.924+0.05 0.12£0.01 0.011+0.004
Z =Tt 0.03£0.03  0.02£0.02 < 0.01
background 16.9+0.3 6.8+0.4 1.88+0.38
syst. +2.81-2.79  +1.00-0.99 +0.31-0.31
tt — I+jets 1.70+0.04 10.940.1 17.440.1
total predicted| 18.6£0.3 17.7+£0.4 19.3+0.4
syst. +2.94-2.86 +1.74-1.73 +2.51-2.83
observed 22 11 21

TABLE III: Summary of observed and predicted number of {+jets events with >2 tags. Errors are statistical only.

decaying leptonically and diboson production are estimated from the calibrated Monte Carlo samples, normalized to
the next-to-leading order theoretical cross sections [21, 22].

Tables II and 11T summarize the sample composition after tagging of £+jets events. The tt contribution is calculated
assuming a tt production cross section of 7 pb. Figure 1 shows the observed and predicted number of tags for each
jet multiplicity. The excess over the background in the third and fourth bins is interpreted as the tt signal. Figure 2
shows the number of tagged events in data for each jet multiplicity compared to the background and total Standard
Model prediction with the systematic uncertainties.

Kinematic distributions in ¢+jets data with four or more jets and at least one jet tagged are compared to a sum of
predicted backgrounds and tt signal in Fig. 4 in Appendix A. The plots show good agreement between the predicted
and observed distributions.

VI. tt PRODUCTION CROSS SECTION

The efficiency to tag a tt event is estimated using calibrated ALPGEN Monte Carlo sample similar to estimation of
the tagging probabilities for WW+jets events. For tt events tagging probability turns out to be somewhat higher than
for the production of W bosons in association with b-jets because b-jets from top quark decays are more energetic.
The average probability to tag a tt event with four or more jets is measured to be 60%.

The cross section is calculated by performing a maximum likelihood fit to the observed number of events. The
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FIG. 1: Summary plot of predicted and observed tagged events in ¢+jets channel: single tags (left) and double tags (right).
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FIG. 2: Summary plot of predicted and observed tagged events in ¢+jets channel: single tags (left) and double tags (right)
with systematic errors on the background and signal.

analysis is split into eight different channels: p+jets or e+jets with 3 or >4 jets and with one or two or more tagged
jets. If the index ¢ refers to a channel (p+3 jets single tag, u+3 jets double tag, u+4 jets single tag or u+4 jets double
tag, e+3 jets single tag, e+3 jets double tag, e+4 jets single tag or e+4 jets double tag), then the likelihood £ to
observe Ni"bs is proportional to:

£ = []P@vets, Npretetd(oy,)) (1)

P(Nobs; Npredicted) denotes the Poisson probability to observe N°PS events when the prediction is NPredicted  The
predicted number of events in each channel is the sum of the predicted number of background events (W+jets, QCD,
single top, diboson processes, Z — 77) and the number of expected ¢t — [+jets and ¢t — Il events which are functions
of the ¢t cross section. It is assumed that the cross section is the same in the ¢t — [+jets and ¢£ — [l channels.

At each step in the maximization, the multijet background in the eight tagged samples, and the corresponding
samples before tagging, is constrained within errors to the amount determined by the Matrix Method. In addition,



we include a Gaussian term for each of the systematic uncertainties considered, following the procedure described in

Ref. [23]. In this approach, each source of systematic uncertainty is allowed to affect the central value of the cross

section during the maximization procedure, thus yielding a combined statistical and systematic uncertainty on o,;.
The tt production cross section for a top quark mass of 175 GeV yields:

o= 8.141 137 (stat + syst) + 0.53 (lumi) pb,
in good agreement with the previous measurement [7] based on 230 pb~! of data:
o = 8.6 5(stat + syst) + 0.6 (lumi) pb.

and the Standard Model prediction [2].

VII. SYSTEMATIC UNCERTAINTIES

The contribution due to each individual source of systematic uncertainty can be estimated by redoing the fit after
fixing all but the corresponding Gaussian term and unfolding the statistical uncertainty from the resulting total
uncertainty. The statistical uncertainty of £0.9 pb is obtained from the fit where all Gaussian terms are fixed.

The b-jet tagging efficiency measurement in semileptonic decays in data, the W fractions and jet energy scale are
the leading sources of systematics in this analysis. In addition, a systematic uncertainty of 6.5% from the luminosity
measurement has been assigned. Contributions of the main sources of systematic uncertainties to the total error on
the cross section are summarized in Table IV.

Source Offset oT o~

Muon preselections +0.02 +0.18 -0.15
Electron preselections -0.02 +0.18 -0.15
Muon triggers +0.07 +0.34 -0.28
Jet energy scale -0.07 +0.24 -0.21
Jet reco and jet ID -0.09 +0.23 -0.18
SML b-tag eff in MC +0.03 +0.15 -0.14
Semileptonic b-tagging efficiency in data +0.18 +0.40 -0.35
Heavy quark mass on W fractions -0.00 +0.18 -0.19
W fractions matching + higher order effects|40.01 +0.44 -0.44
Event statistics for matrix method -0.02 +0.15 -0.15

TABLE IV: Breakdown of major sources of systematic uncertainties. For each group of systematic the likelihood maximization
is redone giving a new central value of the cross section. The column labelled “offset” gives the difference between the refitted
cross section and the cross section obtained in the standard method.

VIII. CONCLUSIONS

We present a tt cross section measurement in lepton-+jets final state using data from Run IT of the Tevatron recorded
by the upgraded D@ detector corresponding to an integrated luminosity of 365 pb~! which is substantially larger
than the data set used for the previous measurement of the tt cross section in this channel. The Secondary Vertex
Tagging algorithm is used to identify b-jets from top quark decay. The result

o= 8.1 13 (stat + syst) + 0.5 (lumi) pb.
is in a good agreement with the Standard Model prediction. This result is currently the most precise tt cross section

measurement at D@ as shown in Figure 3.
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APPENDIX A: KINEMATIC DISTRIBUTIONS

This section presents a comparison of some of the kinematic distributions observed in the tagged (> 1 tags) ¢ +
jets data sample with at least four jets in the event, with the ones predicted by a sum of the background and tt signal
contributions obtained from Monte Carlo weighted with the event tagging probabilities (Fig. 4). The shapes of all
distributions in data are well described by the background and signal contributions, the latter is calculated assuming
a tt cross section of 7 pb. The following variables are shown in the plots:

e the leading jet transverse momentum;

e the leading jet pseudorapidity;

e the W-boson transverse mass;

e Hrp, the scalar sum of the pr of the four leading jets;

e the event aplanarity A, constructed from the four-momenta of the lepton and the jets;
e the event sphericity S, constructed from the four-momenta of the jets.

The last two variables characterize the event shape and are defined, for example, in Ref. [24].
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FIG. 4: Kinematic distributions for the ¢4>4 jets events tagged by SVT algorithm.
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